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A pseudopotential has been introduced into NMR protein structure determination that effectively restrains
molecular volume based on the observation that rigid, well-packed protein structures are approximately
ellipsoidal. Allowing an ellipsoidal shape is more general than the single approximately spherical shape imposed
by the radius of gyration pseudopotential introduced previously. We demonstrate that this new gyration
volume term improves structures both during the calculation of an initial unknown fold and during final
refinement.

Introduction

It is well-known that biomolecular structures determined using
NMR distance restraints are poorly packed in comparison with
those determined by X-ray diffraction.1,2 X-ray diffraction is a
direct imaging technique, while NMR relies on approximate
distance restraints for translational atomic position information,
and thus the resulting packing quality of NMR structures is quite
dependent on the description of nonbonded interactions. Two
general approaches to improving packing in NMR structure
determination have involved the use of database packing
pseudopotentials3,4 and the practice of performing an additional
refinement step in explicit solvent.5 We favor the use of
pseudopotential terms because they are less computationally
demanding so that they can be enabled at all stages of structure
determination. In such a context we have found that they can
actually aid in convergence to the crystal structure. Here we
present a pseudopotential that is an improvement on the radius
of gyration restraint introduced previously.3 The previous
pseudopotential required the identification of approximately
globular regions in the structure, while the new term allows
much more general ellipsoidal shapes.

Theory

A simple, approximate relationship has been noted between
radius of gyration (Rg) and the number of residues in well-
packed single-domain proteins:

with A ) 2.2 andb ) 0.38.6 The basis for the relationship is
the fact that proteins pack to a constant density of 1.43( 0.03
g cm-3,7 implying that protein volumeV is directly proportional
to Nres, the number of constituent residues, assuming a uniform
mix of residue types. If proteins were perfectly spherical,b

would be 1/3. The observed deviation is due to the fact that
larger proteins are less likely to be perfect spheres. The fact
that the observed radius of gyration should be larger than that
of a sphere informs us that proteins are more often closer to
prolate spheroids (pencil-shaped) than oblate spheroids (saucer-
shaped). The relationship in eq 1 has been exploited to improve
the packing of NMR structures by employing a pseudopotential
to bias structures toward satisfying this equation.3
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Rg ≈ ANres
b (1)

Figure 1. Gyration volume of proteins. (A) Gyration volume (Vg) as
a function of number of residues for 220 well-packed crystal protein
structures solved at a resolution ofe1.2 Å with intimately interacting
domains and/or subunits. The corresponding Pearson correlation
coefficient is 0.989. (B) Distribution ofVg/Nresfor these same structures.
The mean value of the distribution is 15.47( 1.59 Å3, and is denoted
by the vertical black line. The dashed red lines in each plot denote the
5% and 95% confidence limits and are the bounds of the stiff quadratic
potential in eq 5.
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In fact, the relationship in eq 1 is known to break down for
elongated structures, such that it is necessary to define multiple
overlapping globular regions when using theRg pseudopotential
on such structures.3 Defining such regions is possible only after
a “rough” structure is determined, thus limiting the applicability
of that approach when determiningde noVo structures.

If, instead of a sphere, we make the base approximation that
a protein can be described as an ellipsoid, it is convenient to
describe the shape using the gyration tensor:

where N is the number of atoms, and∆qi ) qi - qc is the
difference between atomi’s positionqi and the centroid position
qc (average atom position). Here,X denotes outer vector product.

The trace of the gyration tensor is simply related to the radius
of gyration byGTr ) Rg

2, but, as noted above, this latter quantity
cannot be predicted without the assumption of a fixed, ap-
proximately spherical protein shape. On the other hand, as long
as a protein’s shape does not strongly deviate from that of an
ellipsoid, the volume associated withG should obey the
relationship

where the gyration volume is given by

Vg
res is an average volume per residue and|‚‚‚| denotes

determinant.

We manually scanned the 281 protein X-ray structures in the
Protein Data Bank solved at a resolution of 1.2 Å or better,
and removed extended structures and structures with multiple
domains that do not interact strongly with one another to arrive
at a set of 220 well-packed structures for which we calculated
Rg andVg. A plot of Vg versusNres for these structures is shown
in Figure 1A. For these structures we found thatVg correlates
better withNres thanRg does withNres

b with Pearson correlation
coefficients of 0.989 and 0.941, respectively. A very weak
dependence ofVg/Nres on Nres was found, with a correlation
coefficient of 0.207, consistent with constant protein density.
A histogram ofVg/Nres is shown in Figure 1B.

Thus,Vg was deemed a good candidate on which to base a
pseudopotential. We chose a potential energy form with two
components:

where

TABLE 1: Effect of Vg and Rg Restraints on Refinement
Accuracy

accuracy to X-ray structure (Å)

proteina no term Vg Rg

BAF 1.18( 0.12 1.13( 0.10 0.95( 0.09
p53 0.53( 0.06 0.52( 0.06 0.51( 0.06
e-gp41 1.82( 0.13 1.24( 0.07 3.26( 0.11
EIN 1.75( 0.22 1.93( 0.19 4.12( 0.57

a The number of experimental NMR restraints used in calculating
the structures is as follows: BAF9 (89 residues per subunit), 1655
restraints per monomer comprising 864 distance restraints including
48 intermolecular restraints, 257 torsion angle restraints, 663J coupling
restraints, 165 13 CR/â secondary chemical shift restraints and 259
dipolar coupling restraints; tetramerization domain of p5311 (42 residues
per subunit; residues 319-360), 1118 restraints per monomer compris-
ing 938 distance restraints including 309 intersubunit restraints, 71
torsion angle restraints, 363 J coupling restraints and 7313 CR/â
chemical shift restraints; e-gp4113 (123 residues per subunit; residues
27-149), 2160 restraints per monomer comprising 1500 distance
restraints, including 232 intermolecular restraints, 360 torsion angle
restraints, 353J coupling restraints, 263DCR (ND) isotope shift
restraints, and 23913CR/â chemical shift restraints; EIN15 (259 residues),
4089 restraints comprising 3120 distance restraints, 549 torsion angle
restraints, 1633J coupling restraints, and 25713CR/â secondary chemical
shift restraints. The conformational torsion angle database potential20

was employed in all calculations. The target values ofRg given by
2.2Nres

0.38 are as follows: BAF, 15.63 Å for residues 3-89 of both
subunits taken together; p53, 13.57 Å for residues 325-355 of the four
subunits taken together; e-gp41, 20.60 Å for residues 29-148 for the
three subunits taken together; EIN, 17.93 Å for residues 1-250. The
precision of the determined backbone coordinates for no term,Vg and
Rg refinement, respectively, is as follows: BAF dimer: 0.35, 0.36, 0.34
Å; p53 tetramer (residues 326-354): 0.22, 0.26, 0.29 Å; e-gp41 trimer:
0.70, 0.56, 2.82 Å; EIN: 0.96, 0.93, 1.56 Å.
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1

N
∑
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N

∆qi X ∆qi (2)

Vg ≈ Vg
resNres (3)

Vg ≡ 4
3

π x|G| (4)

Figure 2. NMR structures computed by simulated annealing refinement
of a good starting model generated from the NMR data. Reference X-ray
structures are shown in blue. The red structures on the left were
calculated using theVg pseudopotential, the green structures in the center
were calculated with no packing pseudopotential, and the yellow
structures on the right were calculated including theRg-based pseudo-
potential with a single selected region. (A) The structure of e-gp41;
(B) the N-terminal domain of enzyme I. For both structures, theRg-
calculated structures are severely compacted along the long axis. For
e-gp41, inclusion of theVg term prevents expansion perpendicular to
the long axis, while theVg term has little effect on the calculated
structure of EIN.

Egyr ) wgyr (wgyr
(1) Ep(Vg - Vg

res; 0) +

wgyr
(2) Ep(Vg - Vg

res; DVg)) (5)
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We used valuesVg
res ) 15.47 Å3, ∆Vg ) 3.19 Å3, wgyr

(1) )
0.0001 kcal/Å3 andwgyr

(2) ) 1 kcal/Å3, so that the first compo-
nent is a soft bias toward the mean of the distribution, while
the second is a strong term restrainingVg to the range between
the vertical red lines in Figure 1. This potential term was
implemented within the Xplor-NIH package.8

Results and Discussion

We compared the use of theVg and Rg restraints on the
structure calculations of four proteins for which both NMR and
X-ray structures are available: the dimeric barrier-to-autointe-
gration factor (BAF) (∼21 kDa),9,10 the tetramerization domain
of p53 (∼20 kDa),11,12 the trimeric ectodomain of SIV gp41
(e-gp41) (∼44 kDa),13,14and the N-terminal domain of enzyme
I of the Escherichia coliphosphoenolpyruvate/sugar phospho-
transferase system (EIN) (∼30 kDa).15,16The first two multimers
comprise roughly globular structures, while the latter two
structures are rather elongated (i.e., nonspherical).17 Disordered
tail regions were omitted in the calculation ofVg andRg for all
structures.

Structure Refinement. A conventional gentle simulated
annealing protocol18 was employed to calculate 50 structures
starting from good models with the correct overall fold. Of these
structures, those with no structural violations19 were used for
generating statistics. The force constants for theVg andRg terms
were held constant at the valueswgyr ) 1 andwrgyr ) 100 kcal
mol-1, respectively. For the four structures, theVg and Rg

restraints were applied to all residues, excluding disordered tail
regions. The definitions of these regions include the following
residues ranges: 3-89 (BAF), 325-355 (p53), 29-148 (e-
gp41), and 1-250 (EIN). Table 1 shows that, within the
accuracy of the calculations, theEgyr refinement term generally
improves the agreement with the corresponding crystal structure
coordinates. The most marked improvement in structure ac-
curacy is for e-gp41. In Figure 2A it can be seen that the e-gp41
structure computed without theVg term is expanded perpen-
dicular to the long axis relative to the X-ray structure, while
theVg-calculated structure is significantly less so. For the other
structures, the effect of theVg term is smaller: the agreement
with the corresponding X-ray structures is within the spread of
structures. While the accuracies of the EIN structures computed
with and without theVg term lie within the respective compu-
tational uncertainties, the fact that theVg structures have a

slightly worse accuracy may indicate that the ellipsoidal
approximation is slightly violated by this structure.

For comparison, we also calculated structures including the
Rg term with a single selection consisting of all of the well-
ordered residues. This is in contrast to the method of breaking
the structure into overlapping globular regions employed in
previous work.3 Table 1 and Figure 2 show that the two
elongated structures are extremely distorted relative to those
calculated with theEgyr term or without any packing potential,
as expected. In contrast, the two multimers that pack to globular
moieties show higher accuracy when theRg term is included.
So much so, that theRg-refined BAF structures are actually
slightly more accurate than those determined without that term.

Structure Determination from Extended Initial Structure.
As the real value of theVg restraint comes from being able to
apply the potential without already knowing the structure, we
again calculated the same four structures using the same NMR
data, but this time the initial structures were random extended
chains and a more vigorous simulated annealing protocol was
employed using Xplor-NIH’s internal variable module21 to
perform dynamics and minimization in torsion-angle space. In
this modified protocol, initial molecular dynamics were carried
out at 5000 K, and the force constantwgyr on Egyr was scaled
up from 0.002 to 1 over the course of annealing. Table 2 shows
that use of theVg term produces more accurate structures or (at
worst) has no effect. Analogous calculations were carried out
using theRg term, and again greatly distorted structures were
produced for the elongated proteins e-gp41 and EIN. In
fact, theRg term is shown to be particularly dangerous in this
context, as demonstrated by the EIN results in Table 2, as all
the nuclear Overhauser effect (NOE) restraints could be satisfied
when theRg term was used, but the resulting structure is quite
distorted.

One would expect that the accuracy of the computed
structures would be less when determining structures from an
extended chain relative to that computed by a refinement
protocol, such as that of the previous section. A comparison of
Tables 1 and 2 shows that refinement does indeed produce more
accurate structures for 3 of 4 proteins. It is interesting, however,
that the annealed structure of EIN is of slightly higher accuracy
than the refined structure.

Use of theVg target is also promising as a means to improve
convergence, as shown in the number of converged structures
(Nc) column in Table 2. For e-gp41, use of theVg term results
in a factor of 2 improvement in convergence. The results for
the globular structures show little change in convergence with
the addition of theVg or Rg pseudopotentials.

TABLE 2: Effect of Incorporation of the Vg and Rg Restraints on Accuracy for Structure Determination from an Extended
Initial Structure

no terma Vg Rg

protein accuracyb violsc Nc
d accuracy viols Nc accuracy viols Nc

BAF 3.13( 1.92 64 9 2.92( 1.43 72 7 3.07( 1.32 85 7
p53 0.52( 0.05 0.3 29 0.55( 0.06 0.3 29 0.54( 0.09 0.0 30
e-gp41 3.62( 4.02 153 11 1.55( 0.39 94 24 3.92( 0.28 89 0
EIN 1.60( 0.16 0.1 23 1.72( 0.43 0.1 24 3.57( 0.26 0.0 0

a This annealing protocol started with a random extended structure with correct covalent geometry for each structure. Molecular dynamics were
then run at 5000 K for 80 ps or 10 000 steps using the internal variable module21 with a reduced force constant on the NOE energy term. Simulated
annealing in torsion angle coordinates was then performed by lowering the temperature from 5000 to 25 K in 25 K increments, with 0.4 ps or 200
molecular dynamics steps taken at each temperature. During annealing, the force constants of various potential terms were scaled as in the standard
protocol.18 Finally, all-atom minimization in torsion angle and Cartesian coordinates was performed as a final step.b Accuracy in Å relative to the
X-ray structure averaged over the top 50% of structures sorted by the sum of bond, angle, improper, dihedral, NOE, and dipolar coupling energy
terms.c Average number of NOE violations> 0:5 Å reported for the top 50% of structuresd Number of converged structures out of a total of 30
calculated. For these purposes, a structure is defined as converged if its backbone accuracy is within 2.5 Å of the X-ray coordinates.

Ep(x,∆x) ) {(x - ∆x)2 for x > ∆x

(x + ∆x)2 for x < -∆x
0 otherwise

(6)
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Concluding Remarks

We have introduced an empirical pseudopotential restraining
the gyration volume,Vg, that can improve the packing of protein
structures generated from NMR data and is safe to use for well-
structured protein domains of various shapes. The previously
introduced restraint on the radius of gyration,Rg,3 can be used
for final refinement of regions that are already known to be
globular and, in some cases, produces better results, but it is
not safe for early stages of refinement. TheVg potential should
be particularly useful for automatic structure determination
procedures such as PASD,22 ATNOS/CANDID,23 or Autostruc-
ture.24 In the context of such protocols, theVg packing term
can be safely used to improve the produced structures and to
aid in convergence of the respective algorithms.
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